Recently, the frequency of torrential rainfall has increased due to global climate change, and these events cause sediment potential failure. It is difficult to predict when and where a slope failure will occur because of the concentration of heavy rain. Knowing precursory phenomena, however, is effective for disaster reduction. Nonetheless, some of these phenomena have not been explained in the framework of geotechnical engineering. Organic smells and strange sounds, known as precursory signs of slope failure, propagate through the atmosphere. Therefore, it is important to monitor air movement within earth structures. This study focuses on pore air behavior within the ground due to rainfall infiltration. Here, the infiltration column test combined with monitoring smell, as conducted by Tsuchida et al., was first simulated using the soil/water/air coupled finite element code, DACSAR-MP. Next, a sloping earth structure exposed to rainfall was simulated. Consequently, it was found that distribution of pore air pressure was dependent on drainage conditions of air, and that pore air behavior influenced rainfall infiltration behavior.
INTRODUCTION
Recently, torrential rainfall events have tended to occur locally, and it is difficult to predict damage from landslides due to rainfall. Therefore, increasing citizen awareness about disasters is needed to reduce disaster damage. In this regard, understanding precursory phenomena for landslides is effective. There are a lot of successful cases in which precursory phenomena acted as an alert. Because of this, precursory phenomena were introduced onto a hazard map published by Japanese government. However, some of these phenomena are difficult to explain theoretically in soil mechanics. In particular, the generating mechanism of unusual sound and smell before a landslide has not been clarified. These phenomena likely result from rainfall influencing air within the ground, since both sound and smell are transmitted by air. In this study, rainfall infiltration into sloped ground was simulated with soil/water/air coupled analysis to investigate localization of air within the ground.
PRIOR INVESTIGATIONS OF AIR BEHAVIOR WITHIN THE GROUND
Tsuchida et al. conducted soil column testing to investigate the relationship between rainfall infiltration and smell occurrence [1] . The soil column was installed with a profile moisture meter to measure the seepage line generated by a sprinkler fitted above the sandy soil column (Fig.  1) . Smell was generated by a source at the bottom of the soil column, and leakage of smell from the surface of the soil column was measured with an odor intensity sensor. In this way, the distribution of the degree of saturation and odor intensity due to rainfall infiltration were monitored (shown in Fig. 2 ). First, it was found that degree of saturation started to increase from the bottom of the column, and the rise of the ground water level was more remarkable than the descent of the wetting front at the given rainfall condition. The odor intensity at the surface of the column drastically increased after an increase in the degree of saturation at each depth, a phenomena correlated to the rise of the groundwater level. Tsuchida et al. concluded that the groundwater level, determined by arriving to the bottom of infiltrated rain water, pushed air within the ground upwards, thus odor generation before a landslide signifies that the groundwater level is rising. However, their investigation was limited to one-dimensional infiltration. In this study, the soil column test performed by Tsuchida et al. was first simulated, followed by simulation of rainfall infiltration into virtual sloping ground.
formulated with the theory of three phase's mixture material proposed by Borja [4] . In this way, effective stress is expressed as follows. 
Here,  σ is the effective stress tensor; net σ is the net stress tensor; 1 is the second-order unit tensor; σ is the total stress tensor; s is suction; s p is suction stress; a p is pore air pressure; w p is pore water pressure; r S is degree of saturation; e S is effective degree of saturation; and rc S is degree of 
Here, n is porosity; v  is volumetric strain; and 0 p is atmospheric pressure. The elasto-plastic constitutive model can be obtained from equation (4) and the force equilibrium equation as follows.
:
Here, D is the elasto-plastic stiffness matrix; ε is the strain increment tensor; and C is the tensor expressing change in stiffness due to desaturation. The soil/water/air coupled problem was formulated by equations (11), (12) and (13). The soil water retention characteristic curve (SWRCC), which demonstrates the relationship between suction and soil moisture, is dependent on suction history. This hysteresis influences compaction behavior. In this study, the SWRCC model proposed by Kawai et al. [7] was used.
ONE-DIMENSIONAL RAINFALL INFILTRATION SIMULATION
Tsuchida et al. studied air behavior within ground exposed to relatively small rainfall. In this study, rainfall intensity large enough to generate a wetting front was simulated. The soil parameters used for the simulation are summarized in Table 1 , and the soil water retention characteristic curves are shown in Fig. 3 . Here, a sandy soil commonly used for general earth structures was assumed. The analytical mesh shown in Fig. 3 Pa [kPa] boundary. On the bottom of the analytical area, two kinds of boundary were investigated. One case, named Case DD, investigated the condition of drained air and drained water, using a value of 5.5(kPa) w p  to indicate an initial distribution of suction. The other case, named Case UU, investigated undrained water and undrained air conditions. Rainfall intensities of 30 and 60 mm/h were simulated. Figures 5 and 6 show the distribution of the degree of saturation and air pressure in Case DD. These results demonstrate that differences in infiltration behavior depended on rainfall intensity. Degree of saturation of the wetting front, indicating rainfall infiltration, was 0.8 for a rainfall intensity of 30mm/h, while it was over 0.9 for a rainfall intensity of 60mm/h. However, the time at which the degree of saturation started to increase at each depth was earlier for the 30mm/h than the 60mm/h rainfall intensity. This tendency can be explained due to the distribution of air pressure. The descent of the wetting front compressed air within the ground and increased the degree of saturation at the surface. Here, entrapment of air was more remarkable for the 60mm/h rainfall intensity, and compressed air prevented infiltrated water from descending. The wetting front for the 30mm/h rainfall intensity case exhibited a 0.8 degree of saturation, and air was easily exhausted from the surface. Consequently, air pressure gradually decreased after peaking at 90 minutes. Figures 7 and 8 show simulation results obtained from Case UU. Because the bottom boundary was undrained water, infiltrated water accumulated here after the wetting front reached the bottom. Moreover, air pressure monotonically increased. In this case, the higher air pressure that was generated can predict a burst of compressed air from the ground surface. 
RAINFALL INFILTRATION INTO SLOPING GROUND
On an actual slope, the direction of groundwater flow depends on slope shape. In this study, rainfall infiltration into sloping ground was simulated. Figure 9 shows the analytical mesh used in simulations. The right and left side boundaries were undrained water and air boundaries. The ground surfaces, including the crown and the slope, were both flux boundaries corresponding to rainfall intensity. The drainage condition of the bottom was changed with onedimensional infiltration simulation. Input soil [kPa] -7.00 -3.50 1.00 -7.00 -3.50 1.00 -7.00 -3.50 1.00 -7.00 -3.50 1.00 parameters are summarized in Table 1 and Fig. 3 . Rainfall duration was 1.5 hour, and the settling time after rainfall is provided for each case. Figures 10 and 11 show the distribution of the degree of saturation in the case of a drained bottom boundary (Case DD) under rainfall intensities of 30mm/h and 60mm/h, respectively. Rainfall of 60mm/h saturated the slope surface after 1.5 hours, while rainfall of 30mm/h did not saturate the surface in the same time period. Infiltrated water concentrated around the toe of slope during the settling term. This tendency was more remarkable for the higher rainfall intensity, shown in Fig. 11 . This can be explained from equation (9). Unsaturated permeability depends on degree of saturation. Rainfall increases the degree of saturation around the slope surface first, resulting in an increase in the permeability around the slope surface. Consequently, flux parallel to slope becomes easier than vertical flux. Figures 12 and 13 show the distribution of air pressure under rainfall intensities of 30mm/h and 60mm/h, respectively. An high air pressure area first appeared around the crown under a rainfall intensity of 30mm/h. This was because rainfall caused downward flux and pushed air toward the bottom as a drained boundary. Figures 14 and 15 show the distribution of water pressure. Rainfall increased the water pressure at the surface. However, the high water pressure area descended during the settling term, and negative water pressure appeared at the surface. This was because air permeability around the surface decreased due to saturation around the surface, and entrapped air expanded by downward flux. This led to negative air pressure around the crown. On the other hand, under a rainfall intensity of 60mm/h, since infiltrated water flowed parallel to the slope, the highest air pressure appeared around toe of slope.
Next, the same rainfall simulation was conducted under a condition of an undrained bottom boundary (Case UU). Figures 16 and 17 show the distribution of the degree of saturation under rainfall intensities of 30mm/h and 60mm/h, respectively. Since the bottom boundary was undrained, water infiltrating from the slope surface flowed towards the toe of slope and accumulated under the berm, especially under 60mm/h rainfall intensity. During the settling term, accumulated water spread to the left-hand side. However, in Case UU, the saturated area from the slope surface due to rainfall was smaller than in Case DD. This was because air was entrapped more easily and prevented rainfall from infiltrating. Figures 18 and  19 show the distribution of air pressure. In these figures, an area of high air pressure covered the whole of the sloping ground during rainfall, and it moved toward the toe of the slope during the settling term. This tendency was more remarkable and higher air pressure was generated under the higher rainfall intensity. Figures 20 and 21 show the distribution of water pressure. These results show that infiltrated water reached the bottom and tended to function as the phreatic surface.
Next, rainfall infiltration to sloping ground including weathered layer was simulated. In this case, bed layer is regarded as impermeable layer and the analytical mesh shown in Figure 22 was provided. Here, the bottom boundary was set up as undrained water and air boundary.
Rainfall intensity was 60mm/h and rainfall term was 60mm. Figure 23 shows distribution of degree of saturation. It is found that area around bed layer at the slope toe is saturated at last. Figures 24 and 25 show the distribution of water and air pressure, respectively. It is found that water and air pressure increased by rainfall around top of slope propagate toward slope toe.
CONCLUSIONS
In this study, rainfall infiltration was simulated with a soil/water/air coupled analysis to investigate rainfall effects on the behavior of air within the ground. Results show that the geometric condition and the drainage condition of water air strongly influenced the distribution of air pressure. Moreover, it was found that high pressure air entrapped by infiltrated water prevented rainfall from infiltrating. These results predict that compressed air will move towards a drained boundary and be finally exhausted. However, further considerations are needed to clarify the precursory phenomena of landslides.
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